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Oh  the  Skylab  missions,  I’ford  G.5  and  K.2  emulsions  were  flown  as  part  of  passive  dosimeter 
peel's  carried  by  the  astronauts  on  their  wrists.  Due  to  the  long  mission  times,  latent  itnage 
fading  and  track  crowding  imposed  limitations  on  a quantitative  track  and  grain  count  analysis. 
Merely  for  Skylob  2,  the  complete  proton  ertergy  spectium  was  determirted  within  reasonable 
error  limits.  A combined  mission  dose  equivolent  of  2,490  millirems  from  protons,  tissue 
stars  and  neutrons  was  measured  on  Skylob  2.  A stationary  emulsion  stack,  kept  in  a film 
vault  drawer  on  the  same  mission,  disployed  o highly  structured  directionol  distribution  of  the 
fluence  of  low-energy  protons  (ernlers)  reflecting  the  local  shield  distribution. 

•oV  W 

Oh  the  29  and  58-doy  missions  3 and  4,  G.5  emulsions  hod  to  be  cut  on  the  microtam  to  5-7 
microns  for  microscopic  examinotion.  Even  so,  the  short  track  segments  in  such  thin  layers  pre- 
cluded a statistically  relioble  grain  count  analysis.  However,  the  K.2  emulsions  still  allowed 
accurate  proton  ender  counts  without  special  provisions. 
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THE  PROBLEM 

Passive  dosimeter  packs  carried  by  the  astronouts  on  their  wrists  contoined,  among  other 
sensors,  nuclear  emulsions  for  recording  the  radiation  exposure  on  tfre  Skylab  missions.  Trap- 
ped protons  encountered  in  numerous  posses  Htrough  the  South  Atlantic  or>omoly  were  expected 
to  furnish  by  far  the  largest  part  of  the  mission  doses.  Because  of  the  lorrg  mission  times,  dif- 
ficulties in  a quantitative  track  and  groin  count  analysis  of  the  proton  energy  spectrum  were 
anticipoted  from  latent  image  fadir>g  and  track  crowding. 

FINDINGS 

Orly  the  G. 5 emulsions  flown  on  the  28-day  mission  Skylab  2 allowed  a quantitative 
track  and  grain  count  at  least  for  a major  portion  of  the  spectrum.  By  comparing  the  grain 
count/ror^e  functions  for  different  proton  tracks  ending  in  the  emulsion,  the  influence  of  track 
fading  on  grain  density  was  determined.  Applying  tfiese  date  to  the  groin  count  scores,  on 
upper  and  lower  limit  energy  spectrum  wos  established  which  defined  the  margin  of  error  due  to 
fading.  Track  crowding  substantiolly  impaired  the  idcntificotion  of  tracks  with  low  grain  densi- 
ties. The  deficient  data  for  the  high-energy  section  of  the  spectrum  were  corrected  by  assuming 
thot  the  spectral  configuration  in  the  poorly  defined  region  vras  identical  with  the  one  observed 
on  an  earlier  manned  mission  on  which  track  crowding  had  posed  no  problems.  Fading  did  not 
impair  the  proton  ender  count  in  K .2  emulsions.  The  energy  spectrum,  therefore,  wosaccur- 
ately  defined  for  the  low-energy  section  down  to  zero  energy.  The  dose  contribution  from 
tissue  disintegration  stars  was  established  from  the  integral  star  prong  spectrum  using  convention- 
al metliods.  The  pro.ng  spectrum  also  wos  used  for  a semi-quontitative  assessment  of  the  neutron 
dose.  The  three  components;  protons,  tissue  disintegration  stars,  ond  neutrons  were  found  to 
account  for  a mission  dose  equivalent  of  2,490  millirems.  A directional  analysis  of  the  proton 
ender  population  in  o K.2  emulsion  from  a pock  kept  stationary  in  a film  voult  drawer  on  Skylab 
2 revealed  a highly  structured  distribution  demonstrating  the  strong  dependence  of  the  fiuence 
of  low-energy  protons  on  the  local  shield  geometry.  For  Skylob  3 and  4,  dota  acquisition 
was  limited  to  proton  ender  counts  in  K 2 emulsions. 

The  findings  indicate  that  already  for  Skylab  2 and  all  the  more  for  Skylab  3 and  4, 
exposure  levels  exceeded  the  range  within  which  the  emulsion  method  con  furnish  accurate  in- 
formotion  , However,  the  measurements  demonstrate  at  the  same  time  how,  with  special  pro- 
cedures, semi-quontitative  data  con  still  be  salvaged  from  emulsions  flown  on  such  missions. 

Such  procedures  would  seem  especially  useful  for  coping  with  unexpected  overexposures  to 
protons  in  space  os  they  would  result  from  solar  flores. 
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INTRODUCTION 

Aj  on  all  iTwnned  space  missions  throughout  the  Mercury,  Cemini  ond  Apollo  programs, 
the  rodiotion  exposure  of  the  Skylab  astronauts  was  meosured  with  personnel  dosimeters.  A 
small  casing  carried  on  the  wrist  contained  nuciearond  ordinary  film  bodge  emulsions,  plostic 
foils  for  trock  etching,  neutron  activation  foils  and  TLD  chips.  The  follawerg  report  deals 
exclusively  with  the  nuclear  emulsion  findings. 

The  lorsg  mission  times  of  the  Skylab  flights  were  expected  to  aggrovate  two  particulor 
problems  in  the  auontitativc  evaluation  of  the  mission  doses,  problems  that  had  been  only  of 
minor  significance  on  earlier  missions:  latent  image  fading  and  track  crowding.  Fora  Skylab- 
type  orbit,  the  largest  share  of  the  mission  dose  is  contributed  by  iropped  protons  encountered 
in  numerous  passes  tf\rough  the  South  Atlantic  urtomoly.  The  energy  dissipation  of  the  individual 
proton  in  tissue  depends  on  its  Linear  Energy  Transfer  (LET)  which  in  turn  is  determined  from  the 
groin  density  of  the  particle  track  in  emulsion.  Latent  image  foding  decreases  the  groin  density 
progressively  with  increasing  time  between  exposure  ond  development.  As  o consequence,  tracks 
imprinted  early  during  the  mission  straw,  for  the  some  LET,  o lower  groin  density  then  tracks  im- 
printed later.  Since  there  is  no  vroy  of  determining  ages  of  individual  tracks,  the  correspondirig 
degree  of  fading  remains  undetermined  and  cannot  be  corrected  for.  Fortunoiely,  there  is  one 
important  exception;  the  influence  of  fading  on  the  grain  density  of  proton  tracks  ending  within 
the  emulsion  (so-called  enders)  con  be  exactly  determined.  This  allows  a general  appraisal  of  the 
fading  effect  on  the  contributions  from  all  tracks  to  the  exposure. 

Track  crowding,  i.e.,  the  overloading  of  the  microscopic  visual  field  with  track  segments, 
impedes  accurate  grain  counting  and  con  mask  completely  track  segments  of  low  groin  density. 
Severe  crowding  os  if  occured  in  the  G.5  emulsions  of  Skylab  missions  3 ond  4 goes  oven  fur- 
ther by  interfering  with  proper  image  formation  in  transmitted  light  and  can  bloc.k  track  counting 
completely,  Microtoming  such  emulsions  down  to  thicknesses  of  .5  to  7 microns  is  a limited 
remedy,  bui  creates  new  proulems  oecouse  such  thin  layers  contain  only  very  few  long  track  seg- 
ments. On  Skylab  missions  3 and  4,  track  crowding  essentially  limited  quontitotive  work  to 
proton  ender  counts  in  the  less  sensitive  K.2  emulsions.  By  linking  these  ender  counts  to  Skylab 
2 the  corresponding  total  doses  from  protons  could  still  be  inferred  to  sotisfdctorily . 

LATENT  IMAGE  FADING 

Latent  image  fading  in  photographic  emulsion  depends  on  three  environmentol  factors,  rel- 
ative humidity,  oxygen  concentrotion  and  temperature.  If  decreases  os  Hiese  three  factors  de- 
crease . While  ways  ond  means  exist  to  keep  emulsion  at  low  temperature  in  on  oxygen-free  at- 
mosphere, keeping  if  for  longer  periods  ot  zero  or  very  low  humidity  deteriorates  the  structure  of 
the  gelatin  motrix  rendering  the  emulsion  layer  brittle  and  leoding  to  crocks  orxi  reticulation. 
Therefore,  a compromise  has  to  be  found  by  selecting  o moderately  low  humidity  and  occepting 
a certoin  degree  of  fading. 

How  fading  affects  the  determination  of  particle  energy  from  the  groin  count  will  be  discus- 
sed now  directly  with  the  scanning  scores  of  a G.5  emulsion  from  Skylab  2.  Long  proton  enders 
were  identified  in  the  emulsion  and  their  groin  density  us  a function  of  residual  range  determined. 
The  individual  curves  were  found  to  differ  for  different  tracks  reflecting  the  different  ages  of  the 
tracks  and  corresponding  degrees  of  fading.  Two  extremes  ossumed  to  represent  the  lowest  and 
highest  degree  of  fading  were  selected . Figure  1 shows  graii : count  as  o function  of  residual 
range  in  emulsion  for  the  two  tracks.  Converting  range  to  kinetic  energy,  we  obtain  the 
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curvss  in  Figure  2 ihowing  gnin  count  as  a function  of  energy.  For  a quontitative  astesiment 
of  the  influence  of  foding  on  the  determination  of  dose,  energy  has  to  be  converted  to  LET. 
idbie  i diows  the  pertinent  relatioruhip  for  selected  grain  densities  in  Figure  2.  It  is  seen 
by  irtspection  that  the  range  of  uncertainty  in  terms  of  LET  due  to  fading  strongly  depends  on 
the  energy  or  LET  of  the  porticle.  It  is  small  at  high  etsergy,  i.e.,  low  LET,  yet  lorge  at  low 
energy,  i.e.,  high  LET. 

In  view  of  the  foct  that  the  exposure  to  protons  on  the  Styiob  missions  was  evenly  distrib- 
uted in  time  with  pastes  through  the  onomaly  occuring  on  an  identicol  doily  schedule,  one 
could  think  of  drawittg  the  meon  curve  between  the  two  extremes  in  Figure  2 and  using  the 
corresponding  energy/grain  count  fuisetion  for  evaluatir^  oil  track  segments.  While  thisop- 
prooch  cerloinly  would  furnish  the  closest  pouibie  approximotion  to  the  true  energy  spectrum  of 
(he  proton  exposure,  one  might  prefer,  !n  radiation  safety  monitoring,  on  oltemate  approach 
(hot  would  furnish  a conservatively  high  voluo  for  the  dose.  This  more  coutious  snethod  would 
select  the  grain  count/energy  function  for  the  most  faded  ender  , i.e.,  the  lower  curve  in 
Figure  2,  and  apply  it  to  the  grain  count  scores  of  oil  track  segrients.  In  doing  so,  one 
underrates  the  energy  of  all  track  segments  of  lesser  faditsg,  i,,e.,  one  overrates  their  LET  and 
contribution  to  the  mission  dose. 

ENERGY  SPECTRUM  OF  PROTON  EXPOSURE  ON  SKYLAB  2 

Estohiidring  the  energy  spectrum  for  a populotion  of  proton  tracks  by  track  and  grain 
count  analysis  is  an  extremely  time-consuming  task.  Furthermore,  it  seems  o reosonoble  osiump- 
tidn  that  (he  configuration  of  the  spectrum  within  the  vehicle  after  the  incident  radiotion  has 
travelled  through  considerable  shielding  will  rsot  be  greatly  different  any  more  at  different  loco- 
tions.  it  seems  acceptable,  then,  to  limit  the  track  ond  grain  count  onolysis  to  one  emulsion 
dseet  taken  from  the  pock  of  otw  crew  member  and  to  infer  to  (ho  doses  for  the  other  two  crew 
members  from  the  respective  ender  counts  in  emulsions  of  their  dosimeter  pocks. 

A 90  micron  Ilford  G.S  emulsion  developed  moderately  strong  in  Amidol  from  Pock  3A, 
corried  by  the  pilot,  was  selected  for  full  oralysis.  With  o 90bt  oil  immersion  objective  and 
lOx  eye  pieces,  squares  of  70  x 70  microns  corresponding  to  elementary  volumes  of  50  x 70  x 
70  microra  of  urtprocessed  entuls'kon  were  scanned.  Ail  hocks  of  sufficiently  high  grain  density 
to  be  recognized  were  measured  wvth  regord  to  their  three-dimensional  lengths  and  their  grain 
counts.  A total  of  996  track  segments  was  analyzed. 

In  the  actual  scannirsg,  grain  deiuities  have  been  counted  up  to  about  200  grainv^lOO 
microns  Em.  However,  oil  track  segments  with  counts  ^ 160gr/100 yUr  were  pooled  in 

one  class  for  data  evoluotion  ond  re-distributed  computationally  so  that  a smooth  terminol  section 
of  the  eisergy  spectrum  wos  obtained.  The  some  class  also  contained  oil  segments  representing 
so-caiied  block  tracks,  i.e.,  tracks  of  such  a high  grain  density  that  the  groins  coalesce  to  a 
solid  silver  ribbon. 

In  the  following  data  presentation,  the  cortcept  of  the  equivalent  uni-directional  fluence 
is  used.  Thot  means  particle  fluence  is  expressed  in  terms  of  a parallel  beam  of  protons  which 
would  produce,  in  the  sconrsed  emulsion  volume,  a combined  total  track  length  equal  to  the 
orte  actually  observed.  Table  II  presents  the  results  of  the  grain  count  analysis.  Columns  1 
and  2 show  the  class  limits  for  grain  density.  The  corresponding  clou  limits  for  energy  os  they 
follow  from  the  lower  curve  in  Figure  2 ore  shown  in  Columns  3 and  4 and  for  the  upper 
curve  in  Columns  5 and  6.  Column  7 shows  the  raw  scores  of  the  combined  lengths  of  track 
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segments  in  each  class  with  observed  voiues  expiessed  in  terms  of  equivalent  unidirectional 
fluence  os  explained  above . Firsally,  Column  8 shows  the  cumulofive  sum  of  tfie  values  in 
Column  7.  Thot  mear>s.  Column  7 presents  voiues  of  integral  fiueoce . Two  different  integ- 
ral energy  spectra  ore  defined  by  Column  8 depending  upon  whether  one  uses  the  energy 
classes  defined  in  Columns  3 and  4,  or  5 and  6.  The  two  spectra  are  shown  in  Figure  3. 

In  the  some  way  as  in  Figure  2,  the  shaded  oreo  between  the  two  curves  delineates  the  corridor 
within  which  the  curve  of  the  true  ersergy  spectrum  nxist  run.  it  was  mentioned  before  that  in 
radiation  safety  nranitoring  a conservatively  high  estimote  of  radiation  exposure  might  be  prefer- 
able. In  lirte  with  this  suggestion,  oise  would  have  to  select  the  upper  contour  in  Figure  3 for 
the  evoluotion  of  LET  distribution  and  dose. 

A coutious  approoch  should  also  be  followed  in  correcting  the  second  systematic  error  in 
the  row  scores  of  the  groin  count  mentioned  above . We  mean  the  missing  of  tracks  in  the  scan- 
ning process  due  to  crowding.  In  o mi;;rosccpi:  visual  field  overlooded  with  grey  and  black 
frocks,  the  sconrser  misses  tracks  with  low  and  very  low  groin  densities.  T'.ie  critical  groin  den- 
sity ot  which  the  number  of  missed  tracks  ossumes  sizeable  proportions  is  not  sharply  defined 
since  it  depends  strongly  on  the  slant  angle  at  which  o particular  track  crosses  the  plane  of  shorp 
focus.  Because  of  this  dependence,  the  error  increases' gradually  as  grain  deruity  decreoses. 

We  strongly  suspect  tirot  the  saturation  of  the  curves  in  Figure  3 toword  higher  energies  reflect 
the  error  due  to  the  crowding  effect  and  is  not  truly  representotive  of  the  spectrum. 

We  hove  tried  to  itxike  a quantitotive  assessment  of  the  error  due  to  missed  tracks  by  com- 
paring the  Skylob  2 Spectrum  vrith  the  one  observed  on  the  first  lunar  lorsding  mission,  Apollo 
1 1 . On  ttie  latter  flight,  the  proton  fluence  was  only  obout  one  tenth  of  the  one  on  Skylob  2. 
Therefore,  loo  crowding  problems  existed  ond  the  grain  cou.nt  scores  reliobly  defined  the  spect- 
rum up  to  very  high  energies.  Characteristically,  the  two  spectra  4>ow,  in  the  energy  region 
below  50  Mev,  very  nearly  the  some  configuration  if  fluences  ore  normolized.  It  appears 
acceptable,  tnen,  to  assume  that  the  similority  of  the  two  spectra  extends  upwords  into  the 
energy  region  above  50  Mev . The  uniform  continuation  of  the  upper  curve  in  Figure  3 be- 
yond SO  Mev  is  based  on  this  assumption.  It  represents  the  integral  energy  spectrum  of  the 
ptotor.  fluence  on  Apollo  II  normalized  to  the  much  lorger  fluence  on  Skylob  2 at  50  Mev. 
The  corrected  upper  contour  in  Figure  3,  then,  represents  o conservotively  high  approximation 
to  the  true  energy  spectrum  of  the  proton  fluence  on  Skylob  2. 

Looked  at  from  o wider  scope.  Figure  3 describes  well  the  two  basic  limitations  of  the 
nuclear  emulsion  technique  for  measuring  proton  ersergy  spectra  in  spoce  in  general . Both  limit- 
ations ultimately  result  from  the  long  duration  of  the  mission  in  as  much  as  fading  os  well  as 
track  crowding  become  more  pronounced  os  exposure  time  increoses.  Becouse  fading  had  been 
anticipated  aso  problem  on  the  Skylob  missions  from  the  beginning,  appropriate  measures  had 
been  taken  in  preparing  and  seoling  the  emulsion  pocks.  Therefore,  the  corridor  of  the  foding 
error  in  Figure  3 based  on  the  Skylob  2 recordings  can  be  considered  as  typical  for  the  opti- 
mum that  can  be  accomplished.  However,  one  should  remoin  aware  of  the  fact  that  the  termi- 
ml  section  of  the  spectrum  from  about  5 Mev  down  to  zero  not  shown  in  Figure  3 always  can 
be  reliably  established  ^om  the  proton  ender  cour ' which  is  not  subjected  at  oil  to  any  error 
from  fodirsg  or  crowding . Therefore,  os  long  os  nvyrmal  conditions  provoil,  i.e.,  no  solar  act- 
ivity of  TtKijor  proportions  develops,  the  ender  count  will  furnish  o sotisfoctory  semi-quantitative 
measure  of  proton  exposure  even  for  missions  of  substantially  longer  duration  than  Skylob  2.  In 
support  of  this  conclusion,  we  submit  below  the  proton  ender  count  for  the  56  and  85-day 
Skylob  missions  3 and  4. 
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!» should  be  pointed  out  thot  the  energy  spectrum  presented  In  Figure  3 hos  been  record- 
ed with  nucloor  emulsion  ctore  to  the  body  of  the  astronaut.  To  what  extent  It  can  be  consider- 
ed representative  for  tissue  is  a complex  problem.  It  is  obvious  thot  on  infinitely  thin  layer  of 
emulsion  in  contoct  with  the  skin  records  the  same  fluence  ond  spectrum  which  would  enter  the 
body  of  the  astronaut  without  the  emulsion  present.  For  on  emulsion  layer  of  finite  thickn^ 
this  proposition  still  holds  for  protons  that  lose  only  a negligible  port  of  their  total  energy  •«  the 
emulsion  layer.  However,  as  one  proceeds  to  particles  of  lower  energies,  the  fractional 
energy  loss  in  emulsion  can  no  longer  be  neglected . Thot  means  that  the  low-energy  section  of 
the  spectrum  os  recorded  In  emulsion  is  not  representative  ony  more  fot'  the  spectrum  as  it  would 
prevail  at  the  body  surface  not  covered  with  emulsion.  Foctunotely  the  low-energy  section  con 
he  determined,  without  any  grain  counting,  from  the  frequency  of  tirsiks  that  enter  from  the 
outside  yet  end  within  the  emulsion  loyer.  It  is  eosiiy  seen  that  the  number  of  such  enders  per 
unit  volunw  of  emulsion  and  tissue  directly  reflect,  for  the  some  irrcldent  spectrum,  the  respec- 
tive Stopping  Powers  of  the  two  media . The  observed  ender  count  in  emulsion  therefore,  can  be 
converted  directly  to  the  corresponding  count  in  tissue  simply  by  applying  the  Stopping  Power 
ratio  os  a scaling  factor.  At  the  some  time,  the  ender  count  Is  not  subjected  to  any  error  due 
to  fading  because  even  the  most  faded  ender  still  stands  out  conspicuously,  especially  in  the 
lower  bockground  of  the  less  sensitive  K.2  emulsion.  The  ender  count,  therefore,  accurately 
defines  the  ofKhor  point  of  the  spectrum  at  zero  energy . In  an  earlier  publication  (1),  the 
utilization  of  the  ender  count  in  combinotlon  with  the  spectrum  in  Figure  3 for  establishing  the 
tissue  equivalent  LET  distribution  and  dose  on  Skybb  x hos  been  described  in  detail  As  point- 
ed out  there,  the  combined  method  leads  to  a mission  dose  from  protons  of  1 140  millitads  or 
1760  millirems. 

By  for  the  largest  share  of  the  just  quoted  dose  accrues  from  trapped  protons  encountered 
in  numerous  passes  through  the  South  Atlantic  anomoly.  However,  trapped  particles  ore  r»t 
the  only  source  of  protons.  As  Freier  and  Waddington  (2)  have  pointed  out,  the  primary  cos- 
mic rodiction  In  spoce  produces,  in  the  local  hardware  of  the  vehicle,  numerous  low-energy 
secoodbry  protons  In  nuclear  Interactions.  These  reactions  ore  responsible  for  the  stor  phenome- 
non in  emulsion  which  will  be  analyzed  in  more  detail  in  the  next  section.  At  this  point  It 
might  suffice  to  mention  that  75  percent  of  the  secondory  protons  result  from  evaporation  stars 
and  are  essentiolly  limited  to  the  energy  region  below  30  Mev.  The  bobnce  of  25  percent  is 
produced  in  knock-on  stars,  furnishing  secondaries  of  higher  energies  thot  tend  to  be  colliiwted 
in  the  forward  direction.  To  the  extent  to  which  secondaries  from  nucteor  interactions  originate 
in  materials  other  than  the  emulsion  layer  Itself,  they  represent  o lei^itimote  component  of  the 
radiation  to  be  measured.  The  particular  origin  of  o porticle  is  Irre’ievont  c.  lor  as  the  radiation 
load  of  the  ostronout  is  concerned.  In  order  to  identify  oil  enders  originating  In  the  emulsion, 
we  hove  traced,  in  the  scanning  process,  oil  enders  bock  to  their  points  of  origin.  If  they 
entered  the  emulsion  from  the  outside,  they  were  countad.  It  they  originoted  from  stars  in  the 
emulsion,  they  were  rejected  in  the  count.  Because  a certain  fraction  of  the  rejected  enders 
originate  in  the  gelatin  motrlx  of  the  emulsion  ond  therefore  represent  a tissue-equivalent  com- 
ponent, the  method,  at  first  sight,  oppean  to  underrate  the  ender  frequency  that  accounts  for 
the  tissue  dose . However,  the  loss  is  fully  compenaoted  for  becouse  the  dose  contribution  from 
all  secondaries  of  tissue  stars  is  established  separately  os  described  in  detail  in  the  next  section. 

DOSE  CONTRIBUTION  FROM  TISSUE  DISINTEGRATION  STARS. 

A problematic  issue  of  space  radiation  dosimetry  in  general  is  the  dose  contribution  from 
secondaries  released  in  nuclear  collisions  in  the  body  tissues  themselves.  From  their  chorecter- 
istic  oppeorance  in  emulsion  these  disintegrations  ore  called  stars.  Since  half  the  volume  of 
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nuc(«ar  emulsion  is  occupied  by  gelatin,  a sizeoble  fnction  of  the  stof  population  in  emulsion 
originates  tn  tissue  equivalent  moteriol  ortd  therefore  is  directly  tndicotive  of  the  tissue  dose. 
However,  discriminating  individual  stars  originating  in  the  gelotin matrix  from  those  in  the 
silver  halide  is  not  possible.  Merely  two  indirect  methods  exist  for  seporoting  the  two  compon- 
ents of  the  total  star  popubtion.  At  best,  they  himish  semi-quontitotive  estimates  of  the  tissue 
dose  Ihot  would  develop  in  o ioyer  100  percent  geiotin  repbeing  the  emulsion.  One  meth- 
od divides  the  totol  star  frequency  into  two  froctiom  opplyirig  the  ratio  of  the  respective  cross 
sections  for  nucleor  interoctions  of  the  two  component  inedb.  The  other  does  essentbily  the 
»me  giophicoily  by  evaluating  the  change  of  slope  of  the  integrol  prong  number  spectrum  of  the 
total  star  popubtion.  Both  methods  hove  been  proposed  by  Bimboum  and  co-workers  (3)  and 
hove  been  d^ribed  in  their  applicotion  to  space  ladbtion  data  in  on  earlier  publication  of  this 
bboratoty  (4). 

Applying  the  second  method  to  the  star  data  from  the  K.2  emulsions  of  Skybb  2,  we 
hove  pooled,  in  the  interest  of  better  stati  >ics,  the  stor  counts  from  oil  scanned  K .2  eniul- 
sioir  dieets.  This  procedure  appears  occeptabte  in  view  of  the  foct  thot  stars  ore  produced  pre- 
dominontiy  by  primory  portieies  of  ht^  energy,  i .e . , high  penetmting  power.  Differenpes 
due  to  local  vorbtions  in  Abiding  for  different  pocks  therefore  con  be  assumed  to  be  snsall . A 
grand  total  oreo  of  33  mm^  of  K..2  emulsions  of  100  micron  thickness  has  been  sconned. 

Figure  4 Aows  the  integral  prong  number  spectrum  of  the  total  star  popubtion.  The  discontinu- 
ous change  of  slope  of  the  spectrum  at  the  obscisso  vo  be  of  7 is  conspicuous,  it  indicates  the 
onset  of  the  odditionol  star  production  in  the  gebtin  motrix  which,  because  it  contair»  only 
light  elements,  con  contriixtte  only  stars  with  a highest  prong  number  of  7 or  8.  The  froc- 
tionol  star  popubtion  contained  in  the  shoded  oreo  of  Figure  4 oHginotes  in  the  gebtin  motrix . 
The  correspondirtg  numbers  derived  from  the  stfoight  lines  of  best  fitore  Aown  in  Tdbie  III. 
Applying  to  the  fractional  star  population  from  the  gebtin  the  constants  proposed  by  Dovison 
(5),  (‘i  .7  moon  number  of  prongs  per  star,  14  Mev  meon  energy  per  pirpng,  6.5  maon  QF),  we 
obtain  o mission  doM  from  tissue  disintegration  stars  of  98  miltirods  or  591  rniilirems.  The 
compcrotively  high  meon  QF  vqbe  results  from  the  foct  thot  low-eneigy  olpho  portieies  account 
for  a substantbi  percentage  of  the  star  prong  popubtion.  Because  of  the  high  QF,  tissue  stars 
account  fora  sizeoble  fraction  of  the  grand  total  dose  equivalent,  b view  of  this  foct,  the 
design  of  methods  for  direct  and  more  precise  measurements  of  the  tissue  star  dose  equivalent 
appears  highly  desirable , 

Disintegration  stars  not  only  produce  protons  and  alpha  portieies,  but  also  neutrons. 
However,  neutrons  do  not  produce  visible  prongs  in  nuclear  emulsion.  Because  of  their  com- 
pletely different  attenuation  mechanism  they  diffuse  out  to  much  greater  distances  from  the 
star  center  thon  do  protons  and  alpha  particles.  They  finol I y terminate,  after  several  or  mony 
ebstic  collisions,  in  capture  reactions.  In  hydrogenous  moteriol  such  as  tissue,  by  for  the 
brgest  shore  of  the  total  energy  of  star  produced  neutrons  is  dissipoted  by  recoil  protons.  The 
energy  spectrum  of  proton  recoils  centers  heavily  ors  the  region  closely  below  1 Mev.  Accord- 
ingiy,  the  tracks  of  the  recoils  in  emulsion  ore  quite  Aort.  Their  identification  in  emulsions 
exposed  to  Ae  hetergenous  radiation  field  in  space  Aerefore  is  extremely  difficult.  In  foct,  Ae 
bulk  of  Ae  popubtion  of  neutron  recoils  remoira  moAed  by  blobs  of  terminating  electrons  and 
oAer  grain  configurations  from  which  Ae  Aort  recoil  tracks  cannot  be  clearly  distinguiAed. 
Therefore,  Ae  rseutron  dose  shares  Ae  fate  of  Ae  tissue  stor  dose.  It  con  be  determined  only 
semi-quantitatively  by  indirect  meAods. 

In  evaporation  stars,  neutrora  ore  piaduced  wiA  a slightly  higher  abundance  Aon  protons. 
The  assumption  of  equal  obundorKes  for  Ae  two  components  Aen  will  provide  o safeguard 
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agoinst  exaggeiation  of  the  dose  contribution  from  the  neutron  component.  Assuming  further- 
more, Q proton  to  alpha  abundance  ratio  of  0.41  to  0. 18  and  using  again  Davison's  (5) 
model  for  the  overage  evapurotion  star,  we  obtain  a mean  number  of  1.52  neutrons  per  star. 

The  star  count  for  the  gelatin  matrix  in  the  K.  2 emulsions  of  Slcylab  2 reported  in  Table  ill 
corresportas  to  a frequency  of  1 . 12  x 10^  stars/cc  Em.  Assuming  again  o mean  energy  per 
rreutron  of  14  Mev  dissipated  exclusively  in  ionizotion  processes  of  recoils  we  arrive  at  an  ab- 
sorbed dose  of  38  millirads.  Officiol  regulatiotu  assign  o QF  of  10  to  fast  neutrons,  wiiich 
leods  to  o mission  dose  equivalent  of  380  miltirems. 

It  seems  of  interest  to  compare  the  neutron  dose  as  it  follows  from  our  star  count  in  emul- 
sion with  the  rreutron  dose  which  one  con  establish  theoretically  from  the  goloctic  neutron  spec- 
trum in  free  space  and  its  transition  in  the  Earth 's  atmosphere . A number  of  elaborate  theoreti- 
cal and  experimental  investigations  have  been  cortaucted  on  the  latter  phenomenon.  Attempting 
to  weigh  properly  somewhat  discrepant  dato  communicated  by  Hessond  co-worKers  (6)  and  by 
Armstrong  and  co-wcrkers  (7),  we  arrive  at  a galoctic  neutron  radiation  level  of  520  micro- 
rems/hour  in  Hie  transition  maximum  within  the  atmosphere  for  conditions  of  solar  minimum  and 
high  lotitudes.  MulHplyiitg  with  o total  tirrve  in  orbit  ot  672  hours  for  Skylob  2,  we  obtain  a 
mission  dose  equivalent  of  350  millirems  from  goloctic  neutrons.  The  actual  value  must  have 
been  markedly  smaller  because  the  Skylab  vehicle  sweeping  continuously  from  latitude  52° 

North  to  52°  South  spent  o considerable  fraction  of  its  total  time  in  orbit  at  low  latitudes 
where  the  galactic  neutron  fluence  is  well  below  its  soturation  value  at  high  btitudes.  It  is 
seen  then  thot  the  experimental  value  of  the  neutron  dose  equivalent  os  it  follows  from  our  star 
count  is  Hjbstantially  larger  than  the  theoreticol  value  for  the  galactic  contribution.  This  seems 
to  irxiicate  that  a sizeable  portion  of  the  neutron  fluence  on  Skylob  2 originated  in  star  events 
triggered  by  trapped  protons  in  the  anomaly. 

Summarizing  the  contributions  of  the  three  components  discussed  in  the  preceding  section, 
we  arrive  at  a total  dose  equivalent  of  2,490  millirems.  If  should  be  realized  thof  this  value 
does  not  include  the  electron  component.  The  dose  contribution  from  electrons  con  not  be  meas- 
ured with  nuclear  emulsions,  because  the  heavy  bockground  from  nuclear  porticles  does  not 
allow  a separate  densitometric  evaluation  of  the  background  from  electrons.  Inspection  of  G.5 
emulsions  cot  on  the  microtom  to  a thickness  of  7 microns  conveys  the  general  impression  that 
the  dose  from  electrons,  though  not  a sizeable  portion,  would  need  to  be  considered  in  an  ac- 
curate assessement  of  the  total  mission  dose.  It  is  seen  then,  that  the  dose  equivolent  of  2,490 
millirems  represents  a lower  limit  of  the  true  radiation  exposure  on  Skylob  2.  More  specificoll)^ 
it  represents  the  dose  from  all  nuclear  particles  entering  the  astronauts  body  which  can  be  groin- 
counted.  This  means  that  alpha  porticles  and  some  "light"  H^F  porticles  ore  included.  How- 
ever, their  contribution  to  the  mission  dose  remains  quite  smotl . 

PROTON  ENDER  COUNTS 

As  mentioned  in  the  preceeding  port  of  this  report  the  long  duration  of  Skylob  Missions  3 
and  4 {56  and  84  days)  raturated  the  G.5  emulsions  to  such  o degree  that  even  a seml-qoonti- 
tative  grain  count  evaluation  was  impossible.  We  hove  succeeded  in  cutting  G.5  emulsions  on 
the  microtom  with  o special  technique.  Sections  with  a thickness  of  5 to  7 microns  allow  ex- 
cellent microscopic  observation  and  identification  of  track  segments.  However,  the  majority  of 
the  track  segments  in  such  thin  layers  ore  quite  short  and  therefore  offer  only  a smoll  number  of 
grains  for  the  count.  Because  of  the  large  statisticol  voriotions  of  the  grain  density  along  a 
track,  LET  and  energy  carry  a substantial  error  if  based  only  on  a smell  number  of  counted 
grains.  For  this  reason,  we  hove  decided  not  to  invest  the  large  amount  of  scanning  Tnon-hours 
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n««d«d  for  a groin  count  analysis.  Instoad^  w*  have  concentrated  the  scanning  effort  entirely 
on  proton  ender  counts  in  the  K.2  emulsions  flown  on  Sicylab  3 and  4.  Table  III  sumnnrizes 
the  ender  counts  for  three  Sky  lab  Miuions.  It  should  be  emphasized  that  the  ratios  of  the  ender 
counts  do  not  directly  indicote  corresponding  ratios  of  the  total  proton  dotes.  Because  enders 
represent  the  low  energy  section  of  the  spectrum  their  frequencies  reflect  differences  in  the 
local  shield  distributions  more  sensitively  than  do  the  total  proton  fluetwesand  the  correspond- 
ing doses. 

The  strorrg  dependence  of  the  local  ender  count  on  shielding  is  well  demonstrated  in  meas- 
urements of  the  directional  distribution  of  enders  which  we  cor^ducted  for  radiation  pack  6-A 
which  wos  kept  stationery  in  drawer  F of  the  film  vault  on  Skylob  2.  Figure  5 shows  the 
results  of  the  directional  onolysis.  The  highly  structured  distribution  reflects  the  complex  shield- 
ing geometry  about  the  pock . So  for,  no  attempt  has  been  mode  to  align  the  curves  in  Figure 
S with  the  shield  distribution  of  the  Skylob  vehicle.  Because  of  the  geometrical  factor,  effec- 
tive shield  thickiresses  differ  from  rsomirwl  thicknesses  most  strongly  for  materials  in  close  prox- 
imity of  the  emulsion  pock.  Therefore,  the  geometrical  position  of  the  pock  in  the  film  vault 
drawer  has  to  be  known  very  accurately  and  the  corresponding  shield  distribution  of  the  entire 
vehicle  estoblished.  It  seems  questionable  whether  the  very  targe  effort  involved  in  this  task  is 
really  worthwhile.  Even  without  the  distribution  in  question  available,  the  data  in  Figure  5 
demonstrate  well  the  directional  anisotropy  of  the  low-energy  proton  fluence.  With  the  basic 
configuration  of  the  complete  energy  spectrum  known,  an  analysis  of  the  influence  of  shielding 
can  be  coiulucted  in  reversed  direction  much  more  easily.  Taking  fractional  fluences  for  small 
solid  angles  of  incidence  from  Figure  5,  one  con  reconstract  the  corresponding  total  spectra 
for  these  individual  directions  of  incidence  arrd  determine  the  pertinent  variations  in  shield 
thickrress.  Computational  procedures  for  the  letter  task  are  greatly  facilitated  if  the  energy 
spectrum  is  converted  to  the  range  spectrum. 

CONCLUSIONS 

It  Is  quite  obvious  from  the  data  presented  trr  this  report  that  the  objective  of  a quantitative 
determination  of  the  dose  equivalent  for  the  proton  exposure  with  nuclear  emulsions  has  not  been 
fully  met  on  the  Skylab  missions.  However,  the  attempted  measurements  are  of  considerable  in- 
terest because  the  long  flight  time  created  the  first  real  overexposure  to  protons  on  a manned 
mission.  The  Skylob  emulsions,  therefore,  can  be  exploited  as  a dress  rehearsal  of  what  could 
be  salvaged  in  case  of  on  unexpected  overexposure  due  to  a solar  flore . Looking  at  the  results 
from  this  particular  point  of  view,  we  draw  the  following  conclusions. 

The  most  important  finding  certainly  1$  that  a proton  ender  count  in  K.2  emulsions  has 
b>sen  Qccompiistied  even  for  the  35-day  Skylab  4 mission  without  any  impairment  fnom  fading 
or  crowding.  In  fact,  both  foctors  interfere,  even  in  the  K . 2's  of  Skylab  4,  so  little  with  the 
scanning  process  that  we  feel  an  accurate  ender  count  could  still  hove  been  retrieved  for  a 
mission  duration  of  iOO  to  120  days,  it  is  beyond  the  scope  of  this  report  to  analyze  in  detail 
the  morgin  of  error  within  which  the  fuli  proton  spectrum  can  be  extrapolated  from  the  ender 
count.  With  ender  counts  from  nuclear  emulsions  and  total  mission  doses  from  TLD  measurements 
now  available  for  a large  number  of  orbital  and  deep-space  missions  of  the  Gemini,  Apollo  and 
Skylab  programs,  such  extrapolations  could  be  mode  empirically  with  acceptable  reliability. 
Admittedly,  combined  ender  end  TLD  data  ore  not  available  for  mixed  exposures  to  trapped  and 
ftare-produced  protons.  However,  flare  spectra  in  general  are  known  to  show  substantially 
steeper  slopes  than  spectra  of  trapped  protons.  The  bulk  of  the  dose  from  a flare  exposure, 
therefore,  centers  more  heavily  on  the  low  energy  section  of  the  spectrum.  It  is  seen  by 
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inspection  that  this  would  lead  to  on  overestimate  of  the  total  dose  if  the  ender/TLO  ratio  for 
trapped  protons  is  applied  to  the  ender  count  of  a mixed  exposure.  Since  this  introduces  a 
safety  margin  in  the  assessment  of  the  mission  dose,  it  appears  entirely  acceptable  in  a record 
of  personnel  exposure. 
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Figure  3 


Integral  Energy  Spectrum  of  Protons  on  Skylob  2 
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